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Summary 

Aging is a complex process that results in compromised biological 
functions of the organism and increased susceptibility to disease 
and death. Although the molecular basis of aging is currently 
being investigated in many experimental contexts, there is no 
consensus theory to fully explain the aging process. Epigenetic 
factors, including DNA methylation, histone modifications, and 
microRNA expression, may play central roles in controlling 
changes in gene expression and genomic instability during aging. 
In this Hot Topic review, we first examine the mechanisms by 
which these epigenetic factors contribute to aging in diverse 
eukaryotic species including experimental models of yeasts, 
worms, and mammals. In a second section, we will emphasize in 
the mammalian epigenetic alterations and how they may affect 
human longevity by altering stem cell function and/or somatic cell 
decline. The field of aging epigenetics is ripe with potential, but is 
still in its infancy, as new layers of complexity are emerging in the 
epigenetic network. As an example, we are only beginning to 
understand the relevance of non-coding genome to organism 
aging or the existence of an epigenetic memory with transgenera- 
tional inheritance. Addressing these topics will be fundamental 
for exploiting epigenetics phenomena as markers of aging-related 
diseases or as therapeutic targets. 

Key words: DNA methylation; epigenetics; histone modifica- 
tions. 

Introduction 

Aging has been defined as a process of cellular senescence of adult tis- 
sues that results in compromised stress response, greater homeostatic 
imbalance, and elevated risk of disease (Rakyan ef a/., 2010). The molecu- 
lar basis of human aging is currently being investigated in many experi- 
mental contexts, including telomere shortening, DNA damage, 
degeneration of cell or organ structures, and changes in gene expression. 
Researchers have proposed that epigenetic factors, including CpG methyl- 
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ation, histone modifications, and non-coding RNAs (e.g., microRNAs [miR- 
NAs]), may also be central to controlling changes in gene expression and 
genomic instability during aging (Mostoslavsky ef a/., 2006; Oberdoerffer 
ef a/., 2008). Although the contribution of epigenetics to several human 
diseases such as cancer, metabolic diseases, and neurodegenerative disor- 
ders has been proved (Berdasco & Esteller, 2010), the epigenetic varia- 
tions in normal tissue owing to aging remain poorly understood. 
Invertebrate model organisms, such as yeast, worms, or flies, have been 
extensively studied in the context of longevity reporting fundamental 
clues about the mechanisms through epigenetic factors that contribute to 
aging. In contrast, the mechanisms by which epigenetics promotes aging 
and age-related diseases in mammals are not well defined. Several early 
studies investigated the epigenetic alterations of a small number of 
selected genes in subjects of varying age, and more recent approaches 
entailing similar work have employed genome-wide platforms, but there 
remain certain methodological limitations in selecting an optimal experi- 
mental system. In this regard, monozygotic twins are a good model for 
studying epigenetic changes linked to aging: they provide evidence that 
these changes can accumulate over time, as one individual may gradually 
undergo alterations that his or her twin (with identical genotype) does 
not (Fraga etal., 2005; Schneider etal., 2010). Premature aging syn- 
dromes (e.g., Hutchinson-Gilford progeria syndrome and Werner syn- 
drome) have also been proven to be utile for studying the molecular 
mechanisms that contribute to mammalian aging, although we must 
keep in mind that these models may not fully represent the normal aging 
processes. Till now, several epigenetic defects have been linked to these 
disorders (Agrelo etal., 2006; Osorio etal., 2010). In sum, the field of 
epigenetics clearly offers great prospects for understanding of aging and 
of aging-related diseases such as cancer. 

Experimental models for aging studies: from yeast 
to humans 

Epigenetic changes associated with aging could be found in a wide range 
of organisms going from yeast to humans. However, for most of these 
models, there is not a clear definition of the involvement of epigenetics 
and its impact on the aging processes. The only possible exception to this 
lack of knowledge is yeasts. For instance, it is clear that inactivation of the 
histone deacetylase Sir2 results in shortening of the replicative lifespan in 
Sacharomyces cerevisiae, whereas activation of Sir2 significantly extents 
yeast lifespan (Longo & Kennedy, 2006). Sir2 prevents aging by translo- 
cating its complex from telomeres to ribosomal DNA repeats and avoiding 
the formation of extrachromosomal rDNA circles (ERCs) that could result 
in genomic instability (Kaeberlein etal., 1999). In addition, there is an 
increase in acetylation at H4K16 at specific subtelomeric regions associ- 
ated with reduction in Sir2 expression during normal aging in yeast (Dang 
ef a/., 2009). Interestingly, the levels of acetylated H4K1 6 in these subtel- 
omeric regions are also controlled by the activity of Sas2, the major 
H4K16 acetyltransferases in yeast given rise to the hypothesis that Sas2 
and Sir2 antagonistically modulate lifespan through the regulation of 
H4K1 6 acetylation (Dang ef a/., 2009). Furthermore, a proposed role for 
acetylation levels at H3K56 residues has been reported (Dang eta/., 
2009; Hachinohe etal., 2011). The Sir2-associated proteins, Hst3 and 
Hst4, could also contribute to the genomic stabilization through their 
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ability to directly deacetylate H3K56 and consequent heterochromatini- 
zation at ERCs (Hachinohe ef a/., 201 1). 

Increased levels of Sir2 orthologs also show anti-aging effects in many 
other invertebrate species such as worms or flies (Tissenbaum & Guarente, 
2001; Rogina & Helfand, 2004), but the connection between ERCs and 
aging is not clear in organisms other than yeasts. The mechanisms of life- 
span extension in worms and flies seem to differ from that in yeasts. In Ca- 
enorhabditis elegans, increased levels of Sir2 increase lifespan in a 
mechanisms dependent on the insulin/IGF- 1 pathway (i.e., FOXO tran- 
scription factors) (Tissenbaum & Guarente, 2001). The insulin/IGF path- 
way acts as a cascade of phosphorylation reactions that inactivates the 
transport of FOXO transcription factors (i.e., DAF-16) to the nucleus and 
the consequent inhibition of anti-aging genes such as oxidative stress or 
DNA damage genes. The involvement of histone methylation as a funda- 
mental regulator of aging in worms has been also considered. The expres- 
sion levels of several components of the insulin/IGF pathway in C. elegans 
have been reported to be regulated by the histone demethylase activity of 
UTX-1 (Jin era/., 2011; Mauresef a/., 2011). Genetic inhibition of UTX-1 
increases H3K27 trimethylation of the Daf-2 gene resulting in Daf-2 down- 
regulation but increased accumulation of Daf-1 6 (Jin ef a/., 201 1) and, in 
consequence, contributes to the activation of anti-aging genes. In addi- 
tion, high levels of H3K4 trimethylation are detrimental to C. elegans life- 
span (Greer ef a/., 2010). Genetic defects of members of the Ash-2 
complex, including the H3K4 histone methyltransferase Set2, lead to 
extended lifespan. In parallel, expression of the H3K4 demethylase Rbr-2 is 
also required for normal worm longevity, suggesting that maintenance of 
a H3K4 methylation level is fundamental for normal aging (Greer ef a/., 

2010) . Interestingly, it is important to note that the activity of Ash-2 and 
Rbr-2 in worm germline seems to be fundamental for controlling aging in 
somatic cells (Greer ef a/., 2010). It must be highlighted that a recent work 
from Brunet's laboratory (Greer ef a/., 201 1) demonstrated a transgenera- 
tional epigenetic inheritance of longevity in worms. They found that defi- 
ciencies of the H3K4 methylation complex (including Ash-2, Wdr-5, and 
Set-2) in the parental generations could regulate longevity of descendants 
during several generations in an Rbr-2-dependent manner (Greer ef a/., 

201 1) . In contrast to this germline hypothesis linked to Ash-2 members, 
the demethylase UTX-1 regulates lifespan independently of the presence 
of the germline, but in a manner that depends on the insulin-FoxO signal- 
ing pathway (Maures ef a/., 2011). More assays must be performed to 
investigate whether transgenerational inheritance of longevity is specific 
to epigenetic pathways acting during germline. In any case, these results 
have generated a new target foraging research: could increases of longev- 
ity (from worms to humans) be achieved by manipulation of the H3K4 
methylation complex of the parents? 

The study of epigenetic alterations during aging in invertebrate model 
organisms had produced key clues about fundamental mechanisms of 
mammalian aging. Although in some specific cases, we could conclude 
that there are conserved fundamental mechanisms of aging determina- 
tion across eukaryotes, the connections are still not ascertained. Regard- 
ing sirtuins, seven mammalian Sir2 homologues (Sirt1-7) have been 
identified. As an example of common functions, decreased levels of the 
most highly related to 5. cerevisae Sir2, Sirtl , have been observed in pre- 
mature aging of mice. In contrast to yeast Sir2, which specifically deacety- 
lates histones, Sirtl act as a deacetylase of other proteins than histones, 
such as p53 acetylation (Sommer ef a/., 2006). Like yeast Sir2, Sirtl is able 
to modify chromatin and repress transcription of integrated reporter 
genes by means of its histone acetylase activity (Vaquero ef a/., 2004). 
Similarly, disruption of Sirt6 in mice results in a degenerative phenotype 
with premature aging traits (including cachexia, kyphosis, and osteope- 
nia) linked to defects in base-excision repair mechanisms (Mostoslavsky 



ef al., 2006). Recent findings suggest that the mechanism by which Sirt6 
might impact on the genomic instability processes associated with aging 
is through its activity as an H3K9 and/or H3K56 deacetylase in telomeric 
regions (Michishita ef al., 2008; Yuan ef al., 2009). Furthermore, a recent 
genome-wide analysis of Sirt6 targets revealed that many of them are 
linked to aging processes through the interaction with the stress-respon- 
sive transcription factor NF-kB (Kawahara ef al., 201 1). Other epigenetic 
alterations previously described in invertebrate models have been also 
observed in mice with premature aging phenotype. For example, Zmp- 
ste24-deficient mice (a model of Hutchinson-Gilford progeria syndrome) 
showed an impairment of H4K16 acetylation owing to reduced associa- 
tion of the histone acetyltransferase Mof to the nuclear matrix (Krishnan 
ef al., 2011). Similarly, Zmpste24-deficient mice that had been deprived 
of a metalloprotease involved in processing of the nuclear envelop pro- 
tein lamin A and that exhibited premature aging features showed rDNA 
hypermethylation, which led to reduced transcription of ribosomal genes 
and to global hypoacetylation of histones H2B and H4 (Osorio ef al., 
2010). 

Although histone acetylation has been the main target for epigenetic 
studies disrupted during aging, additional studies dealing with DNA 
methylation and histone modifications had appeared in the last years (see 
next chapters). In this way, and similarly to worms, loss of trimethylation 
at H3K27 by donwregulation of the EzH2 histone methyltransferase in 
humans could be associated with aging-related defects, such as Hutchin- 
son-Gilford progeria syndrome (Shumaker ef al., 2006). On the other 
hand, owing to its novelty, research on the involvement of non-coding 
RNA in aging deserves special attention. In the last years, several studies 
have been linked alterations in the expression of specific miRNAs to aging 
in worms (Boehm & Slack, 2005; Ibanez-Ventoso ef al., 2006). An overall 
age-related decline in miRNA expression has been described (Ibanez- 
Ventoso ef al., 2006), and increased expression of specific miRNAS (i.e., 
lin-4) led to extension of lifespan (Boehm & Slack, 2005). In sum, the 
effects of epigenetic regulation of chromatin during aging are likely to be 
complex, and although invertebrate and mice models had provided fun- 
damental conclusions about basic mechanism of eukaryotic aging, the 
vias through they contribute overtime to somatic longevity in mammals 
remains poorly understood. 

Human epigenetics, aging, and sternness 

A new paradigm in aging research has recently emerged: aging may also 
derive from a decline in the multipotent ability of adult stem cells. Adult 
stem cells from diverse tissues have been identified, and they contribute 
to tissue homeostasis by either repairing injured cells or improving tissue 
plasticity (Pollina & Brunet, 201 1). Some tissue types have a high turnover 
rate, such as blood cells or gut; these present numerous adult stem cells 
that contribute to novel regeneration of somatic cells (e.g., erythrocyte 
synthesis in the blood or formation of new epithelial cells in intestinal 
crypts). However, in tissues with low rates of regeneration, adult stem 
cells may also contribute to an organism's response to environmental fac- 
tors and to tissue plasticity. Compromised adult stem cell function causes 
loss of tissue homeostasis and, consequently, loss of well-known cellular 
phenotypes in aged cells. Aging has been associated with a decreased 
number of stem cells, although this effect seems to depend on the tissue 
type and on the organism (Renault ef al., 2002; Nishimura ef al., 2005; 
Lugert ef al., 2010). Despite the altered representation of stem cells dur- 
ing aging, it is clear that adult stem cell function declines with age in all 
tissue types (Geiger & Rudolph, 2009). The dysfunction of aged stem cells 
may result from accumulation of irreversible modifications, including 
genetic alterations, mitochondrial lesions, and telomere shortening 
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(Pollina & Brunet, 2011). Importantly, new evidence supports the notion 
that adult stem cell senescence and aging are also regulated by specific epi- 
genetic modifications. In this section, we describe several relevant findings 
on the link between control of aged stem cells and epigenetic factors. 

To asses whether the reduced differentiation capacity observed in 
adult stem cells during aging could derive from restriction by DNA meth- 
ylation, Bocker ef al. (201 1) compared the CpG methylation profiles of 
hematopoietic stem cells (HPCs) acquired from umbilical cords with 
those of HPCs obtained from adult donors (average age: 35 years old). 
A bimodal pattern of differential methylation was observed: the adults 
exhibited hypomethylation in 350 specific CpG sites where the umbilical 
cord samples did not, and hypermethylation in 192 CpGs sites where 
the umbilical cord samples did not. Interestingly, the authors reported 
significant overlap between the hypomethylation pattern in these adult 
HPCs and that observed during myeloid differentiation (Bocker ef a/., 
2011). Furthermore, they described that age-related hypermethylation 
occurs in genes that are target sites of the Polycomb repressive complex 
2 (PRC2), a factor that is involved in de novo methylation during both 
aging and tumorigenesis (Schlesinger ef al., 2007; Rakyan ef al., 2010). 
For example, the negative regulator of cytokine signaling SOCS1 
involved in lymphoid differentiation became hypermethylated during 
aging and in multiple myeloma (Galm ef al., 2003), thereby revealing 
itself to be an important factor for pluripotency maintenance in young 
HPCs. A similar relationship between DNA hypermethylation and PRC2 
occupancy had previously been described as a key mechanism underly- 
ing age-related methylation changes in human peripheral blood samples 
(Teschendorff ef al., 2010; Fernandez ef al., 201 1). However, it must be 
noted that hypermethylation of PRC2 targets is not exclusive to stem 
cells; indeed, researchers have reported that in somatic cells, a subset of 
polycomb targets exhibit a clear trend toward hypermethylation with 
age, independently of disease state, sex, or cell type (upon comparison 
of blood, ovarian cancer, cervix and lung tissues) (Christensen etal, 
2009; Teschendorff etal., 2010). Additionally, DNA methylation has 
also been implicated in replicative senescence and aging of in vitro 
experimental systems. Long-term cultured mesenchymal stem cells 
(long-term culture is required for large-scale in vitro expansion prior to 
therapeutic implantation) showed hypermethylation of specific CpG 
islands, most of which are related to homeobox genes (Bork etal., 
2010). 

Furthermore, the role of the Polycomb group (PcG) of proteins in regu- 
lation of stem cell aging has been extensively studied. The best-known 
PcG regulator of adult stem cells is BMI1, a member of the Polycomb 
repressive complex 1 (PRC1) and a critical protein for self-renewal of 
blood and brain stem cells (Fasano ef al., 2007; Oguro etal., 2010). 
Researchers have postulated that BMI1 controls stem cell aging through- 
out the regulation of important aging-related genes such as the 
p16 INK4a /p19 ARF locus, by triggering an increase in repressive histone 
marks (e.g., H3K27me3) (Bracken etal., 2007). Furthermore, the PcG 
proteins BMI1 and EzH2 are regulated by DNA methyltransferases 
(DNMTs) in a mechanism dependent on specific miRNA expression (So 
ef al., 201 1), which adds an additional level of complexity to the epige- 
netic network. 

Histone acetylation machinery also contributes to adult stem cell self- 
renewal or senescence. Loss of Sirtl (a class III Histone deacetylase 
[HDAC]) enhances growth of HSCs under certain experimental conditions 
(Narala ef al., 2008). Although HDACs are known to strongly contribute 
to tissue homeostasis, especially in response to stress and environmental 
stimuli, this control remains poorly understood. For example, expression 
of senescence-related miRNAs, including the let-7 family, miR-23a, 
miR-26a, and miR-30a, could also be regulated by the activity of HDACs 



(Lee ef al., 201 1). Taken together, these data clearly demonstrate that 
epigenetic regulatory mechanisms in adult stem cell aging overlap and 
cross-regulate. Nonetheless, further efforts are necessary to obtain a full 
overview of the connections among all the epigenetic factors and to 
determine whether these altered epigenetic patterns of aged stem cells 
cause tissue failure during organism aging. 

Epigenetic landscape of somatic differentiated cells 
during longevity 

In addition to the fact that epigenetic alterations has been correlated with 
human disorders, some authors have shown that epigenetic patterns also 
vary in healthy cells, according to tissue type and differentiation state 
(Berdasco & Esteller, 2010). Thus, researchers are currently endeavoring 
to establish how the epigenetic landscape evolves throughout the lifetime 
of mammals. Some clues have already been found that support the exis- 
tence of intra-individual changes in epigenetic factors during normal 
development and aging. 

DNA methylation: Early evidence demonstrated that there is a global 
decrease in DNA methylation in different human tissues during aging 
(Bjornsson ef al., 2008). This loss was attributed to a progressive loss in 
DNA methylation in repetitive sequences - especially Alu elements - 
located throughout the genome (Bollati ef al., 2009). Paradoxically, and 
similarly to what happens in cancer, certain genes are hypermethylated. 
Specific age-related hypermethylation has been described at various 
developmentally regulated genes in various human tissues, such as Myodl 
in brain (Christensen etal., 2009; Fernandez etal., 2011; Hernandez 
ef al., 2011), PcdhW, and P2rx7 in intestine (Maegawa etal., 2010) or 
Ddah2 and Tef2 in skin (Gronniger ef al., 2010). The extent of this hyper- 
methylation is not yet known, but de novo methylation in skin during 
aging was recently found to affect < 1% of genes (Gronniger ef al., 
2010). The aforementioned findings beg the following question: Is there a 
trend to specific hypermethylation during aging? Some authors have 
found significant enrichment of age-dependent CpG hypermethylation at 
DNA-binding factors and at transcription factors (Hernandez ef al., 201 1 ), 
suggesting that deregulation of these so-called master genes could affect 
a broad spectrum of biological pathways and, consequently, could explain 
the wide phenotypic alterations of aging. However, many of the genes 
that were demonstrated to be hypermethylated during aging belong to 
the senescence and apoptosis pathways (Salminen ef al., 201 1). Interest- 
ingly, some classic tumor-suppressor genes that are commonly hyperme- 
thylated in tumorigenesis also undergo de novo methylation during aging 
in normal tissues (Salminen ef al., 201 1). Thus, researchers have proposed 
a link between hypermethylation of specific tumor-suppressor genes 
(e.g., LOX, pi 6 INK4a , RUNX3 and TIG1 ) and age in non-tumorigenic gastric 
epithelia (So ef al., 2006). The three well-known, epigenetically regulated 
tumor-suppressor genes RARP2, RASSF1A, and GSTP1 also become hy- 
permethylated in premalignant prostate tissues in an age-dependent 
manner (Kwabi-Addo ef al., 2007). Likewise, the putative tumor-suppres- 
sor gene TET2 is commonly hypermethylated in myeloproliferative tumors 
and in aged healthy skin (Gronniger ef al., 2010). Whether these patterns 
of methylation contribute to tumorigenesis in aged tissues - namely, as 
markers for predisposition to acquiring genetic and/or epigenetic changes 
associated with tumor development - remains to be determined. 

Histone modifications: Again, epigenetic regulation can be understood 
not as the consequence of a single modification (e.g., CpG methylation), 
but rather as the product of several epigenetic factors working in concert. 
Early studies showed that global levels of K20H4me3 were increased in 
several organs of rats older than 30 months old (Sarg ef al, 2002). Until 
this discovery was made, efforts to understand the histone modification 
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drift during aging had developed quickly and had shifted to the area of 
class III HDACs (the Sirtuins). Indeed, the best example of an epigenetic 
change that may be linked to aging in mammals is decreased expression 
of sirtuin 1 (SIRT1) resulting in the DNA damage-induced reorganization 
of chromatin (chromatin instability) (Sommer et al., 2006; Oberdoerffer 
eta/., 2008). Most importantly, several studies on pharmacological acti- 
vation of sirtuins (e.g., using resveratrol) have revealed beneficial anti- 
apoptotic effects (Lagouge ef al., 2006). The aforementioned body of evi- 
dence corroborates the awesome potential of Sirtuins as targets for anti- 
aging therapies. 

miRNA expression: miRNA deregulation is an emerging and promising 
field in age-related epigenetics. An miRNA expression array performed in 
the livers of mice aged 4-33 months old showed more upregulated than 
downregulated miRNAs during aging (Maes eta/., 2008). Four miRNAs 
(miR-93, miR-669c, miR-214, and miR-709) were especially upregulated, 
and proteomic profiling of the same samples demonstrated a significant 
correlation between the aforementioned miRNAs and expression of the 
corresponding gene targets associated with mitochondrial function, oxi- 
dative stress, and proliferation (Maes ef al., 2008). The list of miRNAS 
associated with mammalian aging is rapidly increasing. Mentioning some 
examples: upregulation of miR-143 linked to senescence-dependent 
growth arrest in human fibroblasts (Bonifacio & Jarstfer, 2010), increased 
expression of let- 7 family members in skeletal muscle aging (Drummond 
ef al., 201 1), or the role of miR-27 in the aging delayed model Ames mice 
(Bates ef al., 2010). Models of premature aging, such as the Zmpste24- 
deficient mice also showed miRNA deregulation (miR-29) (Ugalde ef al., 
2010). Interestingly, miR-29 upregulation was described also in somatic 
tissues from old mice during physiological aging. Increased expression is 
strongly associated with DNA damage and p53-pathway (Ugalde ef al., 
2010), which would reinforce the link between aging and tumorigenesis. 

Future questions 

Investigators have only just begun to explore the variation in the epigenetic 
landscape during aging. Numerous questions remain unanswered: How 
are epigenetic changes guided to specific genes during aging? Are there 
specific signals that determine the exact moment of drift? Interestingly, no 
significant differences in DNA methyltransferases that could explain the 
global decrease in DNA methylation in aged tissues have been found 
(Maegawa ef al., 2010). Moreover, the relationship between specific CpG 
hypermethylation in bivalent domain-enriched promoters (Rakyan ef al., 
2010) suggests that histone modifications and chromatin remodelers may 
constitute a baseline for predisposing an organism's DNA to CpG methyla- 
tion. Regardless, other factors could influence DNA methylation. For exam- 
ple, aging-associated hypermethylation apparently depends on the CpG- 
island context (i.e., location, sequence type, etc.). Some authors have 
recently described a bimodal effect observed during aging in several 
human tissues: loci in CpG islands gained methylation with age, whereas 
loci outside these islands lost it (Bjornsson ef al., 2008; Christensen ef al., 
2009). Additionally, the range of methylation variation depends on the 
gene locus: for example, imprinted genes show less extensive methylation 
changes during aging than do coding regions (Schneider ef al., 2010). 

Perhaps the most important question is: Can the epigenome be manip- 
ulated during aging? External factors are known to contribute to epige- 
netic alterations during aging. For instance, several studies have shown 
that the DNA methylome could be directly altered by diet, xenobiotic 
chemicals, and exogenous stimuli (e.g., inflammation and viral/bacterial 
infection) (Berdasco & Esteller, 2010). The premise that nutrition alters 
the epigenome is especially enticing, given that it would inherently imply 
the possibility of reversion. Diets that are deficient in folate and methio- 



nine, which are necessary for normal biosynthesis of S-adenosylmethio- 
nine (SAM), the methyl group donor for methylcytosine, provoke DNA 
hypomethylation defects (Waterland ef al., 2006). Furthermore, the most 
widely studied effect of diet on aging-associated epigenetic change refers 
to the involvement of sirtuins in lifespan elongation mediated by caloric 
restriction. For example, humans who practice dietary restriction have 
increased levels of SIRT1, which have been strongly associated with pro- 
tection against several metabolic or cardiovascular diseases. Epigenetic 
mechanisms are clearly linked to nutrition; furthermore, diet interven- 
tions, when applied during critical windows of development (Sandovici 
ef al., 201 1), have the potential to regulate the epigenome. Thus, epige- 
netic players such as HDAC activators may serve as excellent targets for 
pharmacological treatment of human diseases. 

Can the epigenetic levels of specific genes be employed as markers of 
so-called bio-age? In other words: fe it possible to predict a person's age 
based on their epigenetic statust An exciting new application of epige- 
netic studies has recently been developed to answer these very questions. 
Bocklandt ef al. (201 1 ) have demonstrated that the methylation status of 
EDARADD, TOM1L1, and NPTX2 genes in blood samples from monozy- 
gotic twin pairs strongly correlates with their age (average accuracy: 
± 5.2 years). This type of work is replete with potential applications: for 
example, it could ultimately benefit forensic science, and estimation of 
physiological age based on epigenetic markers could be employed to 
assess the risk that a given individual faces of acquiring certain age- 
related disorders. 

Unfortunately, despite its promise, on the causal association between 
human aging and epigenetic changes remains in its infancy. Probably the 
greatest barriers to progress in this area are the long period of time 
required for assessing longevity in humans and the enormous degree of 
variation among individuals owing to environmental factors. To date, 
changes in specific epigenetic marks have been correlated with aging, 
but the 'great hit' in epigenetic control of aging will occur when we will 
be able to understand how epigenetic factors relate to each other. The 
integration of DNA modifications, histone marks, and alterations of non- 
coding RNAs will surely pave the way to defining reference epigenomes 
of aging and to identifying epigenetic alterations associated with aging 
and disease states. 
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